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Introduction
Many scientific as well as industrial applications demand high average output power from ultrafast pulsed lasersystems at MHz repetition-rates. Today such systems are mainly represented by master oscillator power amplifier (MOPA) setups in both bulk and fiber configuration. As an example 830 W and 620 W with sub-ps pulse duration could be reached from a fiber chirped pulse amplifier (CPA) [1] and a single Innoslab bulk amplifier [2] correspondingly. With ongoing development of the thin-disk (TD) technology high power mode-locked (ML) thindisk oscillators become increasingly attractive for their potentially shorter pulses, lower noise and compact setup. The average power from an Yb:YAG SESAM-mode-locked TD oscillator was demonstrated to be 275 W [3] and pulse energy of >40 µJ [4] . Although the gain-bandwidth of Yb:YAG should allow for sub-200 fs pulses, SESAMmode-locked TD oscillators usually deliver pulses that are longer by a factor of 3 [5] owing to the moderate modulation-depth of these devices. The first Kerr-lens mode-locked (KLM) TD-oscillator was realized giving experimental evidence to near bandwidth-limited 200 fs pulses from an Yb:YAG TD oscillator [6] . Recently this oscillator was carrier-envelope-phase (CEP) stabilized opening the door to many other research applications [7] . Spectral broadening of the output of this KLM TD oscillator in a photonic-crystal fiber and subsequent compression by chirped mirrors yielded 15 fs pulses at 20 W average power, making it a viable high-power alternative to Ti:Sa oscillators [8] . Recently a TD KLM ring-oscillator aimed at intra-cavity high harmonic generation was realized [9] .
The goal of this work is to give experimental evidence of further power-scalability of the KLM approach in TD oscillators.
Experimental setup
Building a cavity for high-power TD-KLM operation is a challenging task. There are two different guidelines that can be described independently. 1) A TEM 00 -mode convex-concave cavity is designed by the use of two mirrors CM1 and CM2 [10] in Fig. 1 . to provide a large mode-size over all cavity elements. This CW-cavity is designed to operate in the center of stability such that any variations in the TD-curvature have a minimal effect on the modeshape. The Yb:YAG disk, 120 µm thick (Trumpf GmbH), pumped at 969 nm, is one of the folding mirrors. 2) A focusing imaging section, consisting of two identical concave focusing-mirrors FM1 and FM2, can be inserted anywhere into the CW-resonator without influencing its' behavior. This imaging section has two purposes: a) to provide a strong focus for the Kerr-medium (KM) and b) to bring the cavity to an edge of the stability-zone via changing the separation-distance of FM1 and FM2 and thus making the oscillator more susceptible to the Kerr-lens [11] .The average mode-radius in the cavity is kept at ~1 mm while the mode radius on the TD is 1.2 mm. The radius of the pump spot on the TD is 1.6 mm diameter. In previous publications a weak SESAM with <0.1% modulationdepth was used to aid the Kerr-lens in initiating the mode-locking [6, 12] . Such a weak SESAM is not necessary to start KLM-operation and can be replaced by a hard aperture as was done in this work (see Fig. 1(b) ). Mode-locking could also be initiated with just the soft aperture of the TD. This pure soft-aperture starting-procedure is very harsh however, creating audible q-switching intensity-peaks that often lead to damage of the Kerr-medium. In contrast, a hard-aperture strongly increases the stability and makes starting reliable and not very sensitive to the cavity alignment. 
Results and discussion
By increasing the distance between the two focusing mirrors FM1 and FM2 (Fig. 1.) we can approach the stabilityedge of the cavity and mode-lock the oscillator through perturbation of one of the focusing mirrors. With a 1 mm thick sapphire window as Kerr-medium, a total roundtrip GDD of -24000 fs² and 14% output coupler (OC) the average power of 120 W could be measured from the described oscillator, corresponding to 4.1 µJ pulse-energy at 29 MHz repetition rate. Autocorrelation and spectrum traces indicate near Fourier-limited 350 fs sech pulses. The average power of 120 W is achieved at 600 W pump power corresponding to a 20% percent optical to optical efficiency. This efficiency can be considerably improved by adjusting the poor overlap of pump profile and cavitymode depicted in Fig. 1 . This should also lead to a shorter pulse-duration. The same cavity with the imaging-focal lengths of 250 mm and a 10 % output-coupler delivered 300 fs pulses at 60 W average output power with 2 µJ pulse energy.
Compared to a previously published cavity-configuration [6] this resonator has approximately 4 and 1.4 times larger mode-radii in the Kerr-medium ( 100 and 70 ) for the different focal lengths 350 mm and 250 mm of the imaging systems respectively. Thus the same self-phase modulation can be achieved by increasing the intracavity peak power by a factor of 4 or 2. We would intuitively anticipate an increase in pulse-energy by the same factors 4 and 2 as long as all other parameters stay fixed. This consideration does not take into account the resulting longer focal length of the thin Kerr-lens but comparing the intra-cavity pulse-energies of 8, 18 and 29 µJ (150 [6] , 250 and 350 mm focal lengths) shows a remarkable correspondence. An estimate of the total nonlinear phase-shift inside the cavity identifies the Kerr-medium (>90%) as main contributor in this 30 MHz-cavity while air contributes . b) Autocorrelation trace and spectrum for 120 W output from oscillator with 350 mm focal length focusing-mirrors. .
<10%. Thus scaling via the KM seems justified and going to vacuum is not necessary for the current cavity configuration. Using fused silica as Kerr medium at average intra-cavity powers near 1 kW reproducibly resulted in a strong thermal lens located in the Kerr medium appearing on the order of < 1second after initiation of ML. This thermal lens then broke the mode-locked operation and forced oscillation in CW. Employing sapphire with a thermal conductivity ~ 30 times higher than fused silica resulted in stable operation without thermal lens. A strong correlation between the oscillator's intensity noise ( Fig. 4.) in the high-frequency range (1-4 kHz) and the flow-rate of the TD cooling is investigated. Future attempts to the oscillator's intensity-noise will require a less aggressive cooling approach. The dependence of the oscillator noise on the TD cooling water flow is shown in Fig. 4 . At 1.0 l/min coolant flow the oscillator noise hits the noise floor of the oscilloscope in the range of 1 -4 kHz.
Conclusion
We demonstrate a KLM Yb:YAG TD oscillator delivering 120 W avg. power and 4.1 µJ pulses with 350 fs duration in air environment. Suffering no thermal instabilities from a sapphire Kerr-medium we expect to scale the power further above 150 W. The TD coolant was identified as a strong contributor to noise in the oscillator which can be significantly reduced at a flow rate around 1 l/min.
